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Abstract
Fate maps have been constructed for embryos of Hemithiris and Terebratulina, representatives of two orders in the class Rhynchonellata
that have been separated since the middle Ordovician. These fate maps are identical. The animal region of the egg forms the ectodermal
covering of the apical lobe and the vegetal region is the site of gastrulation; the vegetal region forms the ectoderm of the ventral and posterior
regions of the larva, endoderm and mesoderm. The cells that make up the animal region shift 90° with respect to the vegetal pole during
gastrulation. The timing and mode of regional specification in these two species are also identical. In each case, the animal region of the
unfertilized egg has the intrinsic ability to form apical lobe ectoderm, while the vegetal region has the ability to form a normal larva. During
embryogenesis, the vegetal region interacts with the animal region to suppress apical tuft differentiation in the apical lobe and to promote
mantle lobe ectodermal differentiation, while the ability of the vegetal half to regulate by forming apical lobe structures is lost. The plane
of bilateral symmetry of the larva begins to be set up between the late blastula and early gastrula stage. The fate maps and the processes
of regional specification are compared in the four subphyla that make up the Brachiopoda and used to test a developmental model that
provides an explanation for the variety of different body plans generated during the Cambrian.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Brachiopods have an excellent fossil record that extends
back to the Cambrian Era, Contemporary phylogenetic stud-
ies group these animals in four subphyla: the Linguliformea,
Craniiformea, Phoroniformea, and Rhynchonelliformea
(Williams et al., 1996; Cohen, 2000). Molecular phyloge-
netic studies indicate that the first three subphyla are closely
related and basal within the phylum, while the rhynchonel-
liform brachiopods are derived (Cohen and Gawthrop,
1997). Most extant genera of brachiopods belong in the
class Rhynchonellata within the Rhynchonelliformea where
they are distributed in three orders: Rhynchonellida, Ter-
ebratulida, and Thecideida. Fig. 1A shows an order level
phylogeny based on a cladistic analysis of extant and fossil
members of the class that has been superimposed on the
geological time scale (Williams et al., 1996). The Theci-
deida have been omitted from the figure because their phy-
logenetic position is controversial (Jaecks, 2001). Extant
Rhynchonellida are derived directly from the Pentamerida,
which first appeared during the Lower Cambrian. The extant
superfamilies extend back to the Triassic (Hemithiris, which
is used here, belongs to the superfamily Hemithiridoidea
which originated in the Triassic) and Devonian; they are
linked by other superfamilies to the origin of the order
(Savage et al., 2002). The Terebratulida, which originated
during the last part of the Silurian or the beginning of the
Devonian, are thought to be derived from the pentamerid–
rhynchonellid lineage via two extinct orders, the Atrypida
and Athyridida. There are two suborders of terebratulids
with extant species, the Terebratulidina with a short-loop
support, and the Terebratellidina with a long-loop support
for their lophophore which originated from the Terebratu-
Corresponding author. Fax: 1-512-471-3878.
E-mail address: GFREE@mail.utexas.edu.
R
Available online at www.sciencedirect.com
Developmental Biology 261 (2003) 268–287 www.elsevier.com/locate/ydbio
0012-1606/03/$ – see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0012-1606(03)00307-5
lidina in the mid-Triassic Fig. 1B shows that this cladistic
phylogeny is supported by a molecular phylogeny based on
DNA coding for the small subunit of ribosomal RNA (Co-
hen and Gawthrop, 1997).
The process of embryogenesis has been described for
representative species of the Rhynchonellida and the two
suborders that make up the Terebratulida (Table 1). At a
descriptive level, embryogenesis appears to be quite similar
in the orders of this class. Some aspects of early embryo-
genesis in the class Rhynchonellata are similar to early
embryogenesis in the Phoroniformea (Freeman, 1991);
however, early embryogenesis is quite different in the other
two subphyla (Yatsu, 1902; Nielsen, 1991).
The only detailed experimental study of the process of
regional specification during early embryogenesis in the
Rhynchonellata has been done on Terebratalia in the sub-
order Terebratellidina (Freeman, 1993). The process of re-
gional specification during embryogenesis in Terebratalia is
markedly different from this process in the other brachiopod
subphyla (Freeman, 1991, 1995, 1999, 2000). This kind of
experimental analysis is extended to Hemithiris in the order
Rhynchonellida and to Terebratulina in the suborder Ter-
ebratulidina in this paper. Long (1964) has done a limited
amount of experimental work on regional speicification in
Hemithiris. He has shown that there is no relationship be-
tween the plane of the first cleavage and the axis of bilateral
symmetry of the larva (three cases where one blastomere
was stained at the two-cell stage), and he has shown that one
blastomere isolated from a two-cell embryo can form a
normal larva (4 out of 84 cases). Hemithiris, Terebratulina,
Fig. 1. (A) Phylogeny for the brachiopod class Rhynchonellata based on a cladistic analysis of morphological characters superimposed on a geological chart
showing the stratigraphic ranges of the different orders. The dashed lines linking the Rhynchonellida to the Terebratulida via the Atrypida and Athyridida
outline a postulated phylogenetic pathway for deriving the Terebratulida from the Rhynchonellida. According to this phylogenetic scenario, the initial splitting
of the two extant orders could have begun as early as the early Ordovician period. If the Atrypida and Athyridida did not serve as intermediates in the genesis
of the Terebratulida, this order could have originated from the Rhynchonellida as late as the Silurian-Devonian boundary. Adapted with modifications from
Williams et al. (1996). (B) Molecular phylogeny, based on the small subunit of rDNA for the extant genera Hemithiris and Terebratulina; the genus
Terebratalia has been included for comparative purposes. This phylogeny also shows the relationship between the Rhynchonellata which are presumably the
only living representatives of the Rhynchonelliformea and the other three subphyla of brachiopods. This is a weighted parsimony tree modified from Fig 186
of Cohen and Gawthrop (1997).
Table 1
Descriptive studies of embryogenesis in the Rhynchonellata
Order and suborder Genus Citation
Rhynchonellida Hemithiris Long, 1964
Notosaria Percival, 1960
Luter, 2000
Terebratulida
Terebratulidina Terebratulina Conklin, 1902
Long, 1964
Franzen, 1969
Cnismatocentrum Malakhov, 1976
Terebratellidina Argyrotheca Plenk, 1912
Calloria Percival, 1944
Luter, 2000
Terebratalia Long, 1964
Note. Only those studies where external observations on embryogenesis
are supplemented by histological studies on sectioned material are in-
cluded.
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and Terebratalia have similar lecithotrophic larvae that
spend only a short period of time in the water column until
they metamorphose. Both Hemithiris and Terebratulina dif-
fer from Terebratalia in that they have larger eggs that
typically develop more slowly. Terebratalia spawns its eggs
and development takes place in the water column, while
Hemithiris and Terebratulina eggs and embryos are
brooded on the lophophore of females and only released
into the water column after they have formed larval struc-
tures (Long, 1964). In this study, vital dyes are used to
construct a fate map of the early embryo of these two
species. These fate maps will then be used to isolate com-
parable regions of the egg and early embryo at different
developmental stages in order to establish when these re-
gions acquire the ability to develop according to their pre-
sumptive fate.
Materials and methods
Biological materials
The species used for this work were collected in the San
Juan Islands, Washington. H. psittacea was collected by
using SCUBA below 30 M along the sides of Reid rock in
the San Juan Channel. T. unguicula was collected at Reid
rock or off Iceberg point on the south end of Lopez island
by dredging in 100 M of water. Bernard (1972) was used for
species identification. Reed (1987) gives directions for pre-
paring cultures from gametes dissected from adults. This
involves macerating the ovary and letting the oocytes sit in
sea water until they have shed their follicle cells and their
germinal vesicle have broken down. Hemithiris broods em-
bryos in December and January, while Terebratulina broods
embryos in February and March (Long, 1964). At the time
of year when these experiments were carried out (mid-
November through mid-December), germinal vesicle break-
down in Hemethiris oocytes occurred within 10 min after
the ovary was macerated and all of the larger oocytes
matured; however, in Terebratulina, it frequently took sev-
eral hours before the majority of the oocytes underwent
germinal vesicle breakdown.
After a significant number of oocytes had undergone
germinal vesicle breakdown and follicle cell shedding, a
dilute solution of motile sperm was added to the culture to
initiate fertilization. Following fertilization uncleaved eggs
and cleavage stage embryos were washed in several changes
of artificial sea water (Jamarin, Osaka, Japan) to dilute out
the sperm and bacteria. The embryos were reared in artifical
sea water in 2-ml plastic dishes (Linbro) at 12°C. Every
time a culture was set up, part of the egg batch was set aside
as an untreated control. If fewer than 85% of the fertilized
eggs in the batch developed normally, experiments done on
the remainder of the eggs in the batch were discarded.
Fate mapping and operative procedures
The vital dye Nile Blue A was used for fate mapping
studies and for marking regions of the embryo prior to
experiments where unfertilized eggs or embryos were cut
into halves so that the orientation of the cut was known and
the origin of each half could be identified. A Singer micro-
manipulator was used to bring a staining needle with Nile
Blue A in agar into contact with the oocyte, egg, or embryo.
Nile Blue gives a stain spot that diffuses very slowly and
persists for at least 5 days of development. If embryos are
not overstained, they develop normally. Directions for pre-
paring staining needles are given in Freeman (1993).
The operative experiments involved cutting oocytes, un-
fertilized eggs, or embryos at different stages of develop-
ment into defined halves. These experiments were done by
pressing down on an appropriately oriented oocyte, egg, or
embryo in its envelope with a fine glass needle, thereby
cutting the cell or embryo in half through its envelope. Since
the separated halves will eventually refuse, a thin monofil-
ament loop (from POH unwaxed dental floss) was posi-
tioned so that it fit the groove created by pressing on the
envelope and the loop was tightened to seal off the halves.
Isolates were carefully examined 1–3 h after making the cut
to make sure that the operative procedure did not have a
deleterious effect. Twelve to 24 h after the operation, the
halves frequently separated from each other. If the halves
had different presumptive fates, the identity of the halves
was established by using the vital dye mark, and one of the
halves was placed in a different dish. Each half was checked
daily to monitor its development. If there was cell loss, the
isolate was discarded.
Histological procedures and histospecific enzyme markers
In addition to light microscope observations on living
embryos and larvae, normal and experimental material was
sectioned and studied histologically to follow embryogene-
sis and to assess the different cell types and regions in larvae
from embryos that had been experimented on (see Freeman,
1991 for procedures). To make it easier to recognize various
cell types in larvae, a battery of enzyme histochemical tests
were tried. The only enzyme marker that was useful was
alkaline phosphatase, which is only active in the larval gut
of both species (see Freeman, 1993 for procedure).
Results
Normal development of Hemithiris and Terebratulina
The process of development has been described for these
two species (Long, 1964). A pre´cis is presented that will
allow the reader to understand the experiments. The eggs of
Hemithiris are about 190–200 m in diameter, while those
of Terebratulina are about 165–175 m. In both genera the
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germinal vesicle is closest to one region of the cell mem-
brane of the full grown oocyte. Only oocytes that have
undergone germinal vesicle breakdown can be fertilized. In
these oocytes, the site of the germinal vesicle prior to
breakdown appears as a clear area just under the cell surface
in one sector of the oocyte. Following fertilization in both
genera, the flaccid oocytes round up and the envelope cov-
ering the oocyte lifts off the surface. Prior to the initiation of
cleavage, a pair of polar bodies are produced at the site of
germinal vesicle breakdown.
Fig. 2 shows the different stages of embryogenesis in
these species and indicates how the process varies. Cleavage
is essentially equal. The first cleavage goes through the
animal–vegetal axis of the egg; this can be inferred because
the polar bodies are always present along the boundary
between the two blastomeres (Fig. 2C). Subsequent cleav-
ages in Terebratulina are synchronous, while they are para-
synchronous in Hemithiris. The second cleavage in Ter-
ebratulina also occurs along the animal–vegetal axis at a
90° angle to the plane of the first cleavage, generating four
blastomeres with a radial arrangement (Fig. 2D1). When the
second cleavage is synchronous, it occurs in the same way
and generates a radial cell arrangement in Hemithiris (Fig.
2D2); however, in more than half of the cases, one blas-
tomere cleaves before the other and a tetrahedral cell ar-
rangement is generated when the other blastomere cleaves
(Fig. 2D3). The third cleavage in Terebratulina can be
equatorial, and an animal and a vegetal tier, each composed
of four blastomeres, are generated (Fig. 2E1). This division
can also occur along the animal–vegetal axis to generate a
plate of eight cells (Fig. 2E2). If two tiers of cells are
generated at the eight-cell stage in Terebratulina, the animal
Fig. 2. Embryogenesis in Hemithiris and Terebratulina (A) Oocyte following germinal vesicle breakdown; a sperm is about to fertilize the oocyte. (B) Egg
after fertilization; the meiotic reduction divisions have been completed and an envelope has risen off the surface of the egg. (C) Two-cell embryo. (D1)
Terebratulina 4-cell embryo. (D2, 3) Hemithiris 4-cell embryos. (E1, 2) Terebratulina 8-cell embryos. (E3, 4) Hemithiris 8-cell embryos. (F1) Terebratulina
16-cell embryo. (F2) Hemithiris 16-cell embryo. (G) Cross-section of early blastula composed of roundish cells. (H) Cross-section of late blastula after cells
have made maximum contact with each other. (I) Cross-section of early gastrula. (J1) Transverse section along the plane of bilateral symmetry of a late
gastrula. An apical tuft (AT) is present at the anterior end of the embryo. The blastopore (b) is in a ventral position. The mesodermal region of the embryo
is stippled. (J2) Ventral view of the late gastrula showing the blastopore (K) Dorsal view of postgastrula after a constriction has generated the apical lobe
(AL). A second constriction is about to form that will individuate the mantle lobe (ML). (L) Dorsal view of larva with apical (AL), mantle (ML), and pedicle
lobes (PL). Four groups of setae (s) are growing out of the mantle lobe.
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and vegetal tiers are maintained during the next division and
each tier is composed of a ring of eight cells. If a plate of
eight cells is generated, the next cleavage will be equatorial,
and animal and vegetal tiers, composed of eight cells, also
will be generated (Fig. 2F1). In Hemithiris, the third cleav-
age generates a ball of cells in those cases where there was
a tetrahedral blastomere configuration at the four-cell stage
(Fig. 2E4). Where there is a radial arrangement of blas-
tomeres at the four-cell stage, in some cases, the kinds of
eight-cell blastomere configurations seen in Terebratulina
are generated (Fig. 2E3); however, in many cases, the blas-
tomeres are not regularly arranged (Fig. 2E4).
Following early cleavage, a hollow blastula is generated;
initially, the cells that make up the wall of the blastula are
roundish and only make contact with their neighbors over a
small part of their surface (Fig. 2G). In Hemithiris, the
envelope that surrounds the embryo disolves at this point;
however, the envelope persists in Terebratulina. Following
this stage, the cells make extensive contacts with their
neighbours and elongate along their apical–basal axis; at the
same time, the size of the blastocoel decreases (Fig. 2H).
Cilia form at this time in Terebratulina. During the transi-
tion between the blastula and the gastrula stage, the cells at
the vegetal pole of the embryo elongate further and form a
flat plate. In a few Hemithiris and Terebratulina embryos,
the polar bodies can be seen at this stage; they are directly
opposite the vegetal plate. At this point, cilia begin to grow
out in Hemithiris.
Early gastrulation begins as the vegetal plate of cells
forms a spherical invagination that occludes the blastocoel
(Fig. 2I). At this point, the blastopore is round. The second
phase of gastrulation then begins as the embryo elongates in
a plane along the animal–vegetal axis. The blastopore elon-
gates along the same plane; as it elongates, it acquires a
keyhole shape. The round end of the keyhole corresponds to
the future anterior end of the larva, while the narrow region
of the blastopore corresponds to the future posterior end of
the larva (Fig. 2J). As this process occurs, the animal pole
of the embryo is translocated in an anterior–lateral direction
(see section on fate mapping studies) so that, while it started
out opposite, the blastopore it is now about 90° from the
ventrally located blastopore. At the same time, the ectoderm
in the posterior end of the embryo changes from an elongate
to a cuboidal shape. During this phase, the apical tuft forms
at the future anterior end of the embryo (the animal pole).
While these external events are taking place, mesodermal
cells are being generated at the blastopore.
Following gastrulation in both species, the body becomes
subdivided along its anterior–posterior axis into the apical,
mantle, and pedicle lobes of the larva. A groove perpendic-
ular to the anterior–posterior axis forms about one-third to
one-half of the way along the body; this demarcates the
anterior apical lobe. Just behind this region, a narrow evag-
ination of the body wall forms a girdle around the embryo
(Fig. 2K). Another constriction develops posterior to it. The
evaginated region is the mantle lobe and the region posterior
to it is the pedicle lobe. After the mantle lobe forms, it
extends as an apron over the pedicle lobe until it almost
covers it (Fig. 2L). As these events take place, the anterior
end of the blastopore on the ventral side of the embryo at the
junction between the apical and mantle lobes disappears. As
these different regions of the larva individuate, cell types
that are diagnostic of each lobe differentiate. Initially, all of
the external cells of the embryo are ciliated. During the
postgastrula period, cilia are lost from the mantle and pedi-
cle lobes. The epithelial cells of the apical-lobe remain
columnar. As a consequence, the density of cilia per unit
area remains high. These cilia are responsible for the loco-
motion of the larva. The apical lobe is the site of the apical
tuft; these cilia are longer than the locomotive cilia and
barely move. Both Hemithiris and Terebratulina lack eye
spots. Dorsal and ventral lateral pairs of setae form on the
mantle lobe. The pedicle lobe has a set of muscles that cause
the mantle and setae to extend from the body. The presence
of these muscles can be inferred by watching larvae; they
can also be identified in fixed and sectioned material. The
gut forms a hollow vesicle; its connection to the blastopore
is lost after gastrulation. The cells that line the lumen of the
gut are ciliated. The gut can be identified in sectioned
material; it can also be identified in both species by using
larval whole-mount histochemistry for alkaline phospha-
tase. This enzyme is only present in the gut and first appears
either during late gastrulation (Terebratulina) or as the
lobes are beginning to individuate (Hemithiris) (Fig. 3).
Even though the descriptive embryologies of these species
Fig. 3. Alkaline phosphatase staining. (A) 104 h Hemithiris embryo; the
anterior endoderm is alkaline phosphatase positive. The apical lobe has
formed and the mantle lobe has almost individuated. (B) 160 h Hemithiris
larva; setae have formed (arrow) and the entire gut is alkaline phosphatase
positive. (C) 48 h Terebratulina embryo; the anterior edge of the endoderm
is alkaline phosphatase positive. (D) 96 h Terebratulina embryo; the entire
gut is alkaline phosphatase positive. The bar indicates 100 m; (A–D) are
at the same magnification.
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are similar, the timing of development is different (Fig. 4).
At 12°C, it takes a week to go from an unfertilized Hemith-
iris egg to a larva that is competent to metamorphose, while
it takes 4.5 days in Terebratulina.
Fate mapping studies
Marking experiments on fertilized uncleaved eggs and
early cleavage-stage embryos of both species were done to
define the presumptive fates of the animal, vegetal, and
equatorial region of the early embryo and to find out if there
is a relationship between the plane of the first cleavage and
the plane of bilateral symmetry of the larva. The same
experiments were also used to trace the movement of dif-
ferent regions of the embryo during gastrulation. In addition
to these studies, the clear cytoplasmic sector of unfertilized
eggs of both genera was marked to assay whether it is a
predictor of the site of polar body formation. The site of the
eccentric germinal vesicle was also marked in oocytes of
Terebratulina in order to find out if it is also a predictor of
the site of polar body formation.
Hemithiris eggs are a pale yellow, while Terebratulina
eggs are white; as a consequence, a Nile Blue mark stands
out on the surface. Because Nile Blue slowly diffuses, a
stain mark becomes indistinct with time. Since development
in Hemithiris is slow, embryos that were initially stained at
the animal or vegetal pole of an uncleaved egg or at the
two-cell stage were frequently restained at the same site at
the late blastula stage so that the mark could be followed in
embryos undergoing regional differentiation.
When the animal pole (the site of polar body formation)
was marked in fertilized eggs of both species (Fig. 5A), the
stain was always found at one point along the first cleavage
furrow. In four-cell Terebratulina embryos, the mark was
always at one of the two external sites where the four
blastomeres contact each other; when polar bodies could be
seen, they were also at this site. In four-cell Hemithiris
embryos, where the blastomere had a radial configuration,
the same staining pattern was seen. When a tetrahedral
blastomere configuration was generated, in most cases the
mark was shared by three contiguous blastomeres; this sug-
gests that the alignment of the mitotic spindle differed in
each blastomere during the second cleavage. In early
gastrulae of both species, the mark was directly opposite
the site of gastrulation; this was true for Hemithiris
embryos that had either a radial or a tetrahedral cleavage
pattern at the four-cell stage. In each species, there were
a few cases where polar bodies were present in each case,
the site corresponded to the stain mark. During the tran-
sition between early and late gastrulation, the mark at the
animal pole moved laterally in both species; at the same
time, the apical tuft differentiated from the marked cells.
During this period, the dye spot elongated in the direction
of movement.
After the vegetal pole (the site opposite the polar
bodies) was marked, in both species, the mark is always
along the first cleavage plane at the intersection of the
blastomeres in four-cell embryos which show a radial
cleavage pattern and it becomes the site of invagination
during early gastrulation. In Hemithiris, embryos were
restained at the site of gastrulation leaving a patch of
surface cells stained around the blastopore. As the second
phase of gastrulation occurs, the stained cells in the
external region adjacent to the large end of the elongating
blastopore move into the inside of the embryo through
the blastopore causing the stained region to disappear
from the surface. This phenomenon was also seen in
Terebratulina. The pronounced involution of anterior
cells that occurs at this stage probably plays a role in the
lateral anterior movement of cells at the animal pole.
The relationship between the plane of the first cleavage
and the axis of bilateral symmetry of the larva was estab-
lished by marking one of the blastomeres at the two-cell
stage in an equatorial position furthest from the cleavage
plane (Fig. 5C). This mark also has the potential for defining
the presumptive fate of the equatorial region of the embryo.
When the marks were made on Hemithiris two-cell em-
bryos, the mark was renewed at the late blastula stage. At
the early gastrula stage, the mark has a subequatorial posi-
tion in both species. In both species, the position of the mark
was assayed at the stage where the three lobes that make up
the larva have just been blocked out. The dorsal–ventral axis
Fig. 4. Comparison of the times, in hours, when the same developmental events take place in Terebratulina and Hemithiris at 12–13°C.
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is delineated because the blastopore is still present. If the
plane of the first cleavage has a fixed relationship to the
plane of bilateral symmetry, one would expect the mark to
always have one or two complementary positions around
the animal–vegetal axis of the larva. If there is no relation-
ship between the plane of the first cleavage and the axis of
bilateral symmetry, one would expect the mark to take up
any position around the animal–vegetal axis. Even though
the marks were placed in four categories: ventral, left lat-
eral, dorsal, and right lateral sectors, a given mark could
have a position at any point around the dorsal ventral sectors
of the developing larvae shown in Fig. 5C for both species.
The stain marks were always more elongated on the dorsal
side of the forming larva. The positions the marks take show
that there is no relationship between the plane of the first
cleavage and the plane of bilateral symmetry for the larvae
of these species.
Regional specification during embryogenesis
The timing of regional specification was studied by iso-
lating animal, vegetal, and lateral halves from oocytes,
unfertilized eggs, or embryos at different stages of devel-
opment (Fig. 6) and examining them for their ability to
differentiate. The lateral halves, which have both animal
and vegetal domains, served as controls for the experiments
where halves with only animal and vegetal domains were
isolated. The lateral halves were also used to establish when
the plane of bilateral symmetry for the larva is set up. An
effort was made to rear both halves of an unfertilized egg or
embryo in order to see if complementary structures formed.
The state of regional specification of a given half was
determined by comparing how that half differentiated com-
pared with what one would expect for that half given the
fate map.
Fig. 5. Summary of marking experiments on Hemithiris and Terebratulina. The first number in each horizontal row indicating the number of embryos marked
at a given stage is pictured. The subsequent numbers in that row indicate the cases where the mark was observed at later stages. (A) The cases where the
animal pole was marked. (B) The cases where the vegetal pole was marked. (C) The cases where the mark was applied in an equatorial position furthest from
the plane of the first cleavage. For each marking experiment, the upper horizontal rows summarize the results for Hemithiris, while the lower rows summarize
the results for Terebratulina. When the mark was applied equatorially, the position of the mark in the postgastrula was variable (a–d show the positions the
marks could take at a stage when the apical lobe had just individuated from the posterior end of the embryo: a, ventral; b, left lateral; c, dorsal; and d, right
lateral). For both species, a given mark could be any where along an oblique circle (see last panel) from the ventral side of the posterior apical lobe to the
mantle lobe on the dorsal side of the embryo or on either its left or right side.
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Hemithiris
Table 2 summarizes the results and Fig. 7 indicates how
members of pairs differentiated for this species. The earliest
stage studied was the mature unfertilized egg. These cases
were cut equatorially into animal and vegetal halves and
along the animal–vegetal axis to give two lateral halves
(Fig. 6B) and the halves were then fertilized. Presumably,
the animal half or one of the lateral halves develops as a
Fig. 6. Operations isolating halves of Hemithiris and Terebratulina embryos at different developmental stages. All embryos are shown in lateral views except
for (F3). (A) Equatorial cut perpendicular to the animal–vegetal axis through an oocyte with a germinal vesicle. Each half was fertilized after germinal vesicle
breakdown. (B1) Equatorial cut through an oocyte following germinal vesicle breakdown and the shedding of follicle cells. Each half was fertilized after the
operation. (B2) Lateral cut along the animal–vegetal axis through an oocyte following germinal vesicle breakdown. (C1) Equatorial cut along plane of third
cleavage in an eight-cell embryo. (C2) Lateral cut along the plane of first cleavage in a two-cell embryo. (D1) Equatorial cut through a late blastula where
cells have maximal contact with each other. (D2) Lateral cut through a late blastula. (E1) Equatorial cut through an early gastrula. (E2) Lateral cut through
an early gastrula. (F1) Equatorial cut through a late gastrula. Because of the morphogenetic movements that take place between the early and late gastrulation
this cut is oblique. (F2) Bisection of a late gastrula into dorsal and ventral halves. (F3) Bisection of a late gastrula into halves along its plane of bilateral
symmetry. Embryos were marked prior to the operation so that they could be appropriately oriented and the halves could be identified after the cut.
Table 2
Differentiation of Hemithiris half eggs and embryos
Isolate
type
Developmental
stage
No.
cases
Living larvae Sectioned larvae Alkaline phosphatase
Ves AL
lAT
AL
nAT
AL
sML
AL
ML
AL
ML
PL
sAL
ML
PL
ML
PL
sML
PL
Ves AL AL
ML
AL
ML
PL
ML
PL
Ves AL AL
ML
AL
ML
PL
ML
PL
Animal Unfertilized
egg
24 10 11 3 0/3g 0/4g 0/3 0/2
8-cell 15 6 7 2 0/2g 0/2g 0/2 0/2
Blastula 28 11 8 3 4 2 0/2g 0/3g 0/3g 0/2 0/2 0/3
Early gastrula 23 1 5 5 11 1 3/3g 3/3g 3/3 5/5
Late gastrula 12 2 9 1 3/3g 4/4
Vegetal Unfertilized
egg
5 2 2 1
8-cell 9 4 5 0/2g 3/3
Blastula 23 6 3 14 0/2g 3/3g 3/3
Early gastrula 21 9 10 1 1 3/3g 3/3 3/3
Late gastrula 16 3 9 4 3/3g 3/3
Lateral Unfertilized
egg
20 11 4 5 0/2 1/1
2-cell 44 18 8 1 17 0/3g 1/2g 0/3 1/1 4/4
Blastula 43 15 8 5 15 3/3g 3/3
Early gastrula 45 4 41 3/3g 4/4
Bilateral Late gastrula 37 37
Dorsal Late gastrula 16 2 10 1 2 1
Ventral Late gastrula 17 1 16
Note. Ves, vesicle; AL, apical lobe, AT, apical tuft; ML, mantle lobe; PL, pedicle lobe; l, large; n, normal; s, small; g, gut;, muscle not present;, muscle
present.
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diploid following fertilization because it contains the female
chromosome set, while the vegetal half and one lateral half
develops as a haploid. With the concentration of sperm
used, almost all intact eggs fertilized and cleaved. In many
cases, only one of the experimental halves cleaved; how-
ever, there were some cases where both halves cleaved. In
those cases where a polar body or a vital dye mark was
present, it was clear that the plane of the first cleavage was
aligned along the animal–vegetal axis of the egg. Twenty-
five to 45% of the cases operated on at this stage, during
early cleavage and the blastula stage (Fig. 6C and D),
cleaved normally but formed only a hollow ciliated vesicle
(Fig. 8A); these cases are regarded as undifferentiated. The
majority of the animal halves from unfertilized eggs, eight-
cell embryos and blastulae formed a solid ectodermal struc-
ture that closely resembled an apical lobe. An apical tuft
was invariably present, and in the majority of cases, the
sector of the surface occupied by the tuft was much larger
than normal (Fig. 8B); the rest of the surface was ciliated.
These cases showed no sign of gastrulating. In sectioned
animal halves, the cells are elongated as they are in the
apical lobe of a normal larva; in no case was there any
indication of a gut. Fig. 8C shows an animal half that has
formed an apical lobe with a normal apical tuft; the vegetal
half produced during the same operation has formed a
normal three-lobed larva. At the blastula stage, there were
also a few cases that formed a mantle lobe in addition to the
apical lobe. These cases always had a small apical tuft. In
some of these cases, there were setae (a mantle lobe char-
acter) opposite the apical tuft; in other cases, there was a
small, or in two cases a normally proportioned, mantle lobe
with setae. All of the cases examined lacked gut cells.
Between the eight-cell and the blastula stage, the proportion
of animal halves that formed an enlarged apical tuft fell
from 7/9 (78%) to 8/17 (47%).
The vegetal halves that differentiated from unfertilized
eggs, eight-cell embryos, and blastulae formed normal larvae
with all three lobes, or only an apical and a mantle lobe. The
apical tuft was of normal size in these cases. The lateral halves
from unfertilized eggs, two-cell, and blastula stage embryos
also formed normal larvae with a normal apical tuft; there were
also cases where only an apical lobe or only an apical and a
mantle lobe differentiated. The vegetal and lateral halves gas-
trulated. Sectioned larvae and alkaline phosphatase assays
showed that a gut was present and sectioned cases showed that
muscle was present. There were a significant number of lateral
halves where both members of a pair formed normal larvae,
while there were no animal–vegetal pairs where both halves
formed a normal larva (Fig. 7).
When animal and vegetal halves were isolated at the
early gastrula stage (Fig. 6E), both halves contained
endoderm and subsequently formed gut tissue. The animal
halves formed only an apical lobe in about half of the cases,
while in the other cases, mantle tissue was also present (Fig.
8D). Those cases that formed only an apical lobe also
formed an enlarged apical tuft in about half of these cases;
however, the percentage of these cases with an enlarged
apical tuft declined (5/22 or 23%) when compared with
animal halves forming only an apical lobe that was isolated
at earlier developmental stages. Even though these cases
invariably had a gut, there was no indication of muscle in
those cases that were sectioned. In most cases, animal
Fig. 7. Matrices showing how halves from the same embryo differentiated
when Hemithiris embryos were bisected at progressively later develop-
mental stages. The left column gives results for animal and vegetal halves.
The right column gives the results for lateral halves. Lateral halves gen-
erated at the late gastrula stage tabulated here were cut along the plane of
bilateral symmetry. Abbreviations: An, animal half; Veg, vegetal half;
VES, vesicle; AL, apical lobe; AL, larAT, apical lobe with large apical tuft;
AL norAT, apical lobe with a normal apical tuft; smAL, small apical lobe
(lacks an apical tuft); ML, mantle lobe; smML, small mantle lobe; PL,
pedicle lobe.
276 G. Freeman / Developmental Biology 261 (2003) 268–287
halves isolated at the late gastrula stage (Fig. 6F) formed a
normal apical lobe, mantle tissue, a gut, and muscle. Veg-
etal halves isolated at the early gastrula stage usually
formed an apical, mantle, and pedicle lobe; however, the
apical lobe was frequently smaller than normal and lacked
an apical tuft. When vegetal halves were isolated at the late
gastrula stage, most cases consisted of only a mantle and
pedicle lobe (Fig. 8E). Vegetal halves isolated at both of
these stages formed gut and muscle. In most cases, both
lateral halves from early and late gastrula stage embryos
formed apical, mantle, and pedicle lobes.
By the late gastrula stage, the axis of bilateral symmetry
is apparent; the presence of a blastopore can be used to
distinguish the dorsal and ventral sides of the embryo. One
Fig. 8. (A) Cross-section through a ciliated vesicle from an animal half of a Hemithiris egg that was subsequently fertilized. The bar indicates 50 m. (B)
Whole mount of an animal half from a Hemithiris egg that was subsequently fertilized. The bar indicates 50 m. (C) Whole mounts of animal (1) and vegetal
(2) halves from the same blastula stage Hemithiris embryo. The animal half has a normal apical tuft (not shown), and the vegetal half has all three larval
lobes. (D) Whole mounts of animal (1) and vegetal (2) halves from an early gastrula stage Hemithiris embryo. The animal half has a normal apical tuft (not
shown) and a small mantle lobe with setae. The vegetal half has a small apical lobe that lacks an apical tuft, a mantle lobe with setae, and a pedicle lobe.
(E) Whole mounts of animal (1) and vegetal (2) halves from a late gastrula stage Hemithiris embryo. The animal half has an apical lobe with a normal apical
tuft (not shown) and a small mantle lobe that lacks setae. The vegetal half has a mantle lobe with four sets of setae and a pedicle lobe. (F) Whole mounts
of bilateral halves (1, 2) of a late gastrula stage Hemithiris embryo. Each half has all three larval lobes and two sets of setae. (G) Oocyte with a germinal
vesicle of Terebratulina that has been cut into animal and vegetal halves and ligatured. (H) Section through a ciliated vesicle from an eight-cell Terebratulina
embryo. (I) Whole mount of a live animal half from a matured and fertilized Terebratulina oocyte viewed with dark field optics. The apical tuft cilia are
distributed over the surface of the apical lobe. (J) Whole mounts of animal (1) and vegetal (2) halves of a blastula stage Terebratulina embryo. The animal
half has formed an apical lobe with a normal apical tuft (not shown), while the vegetal half has formed three larval lobes. (K) Whole mounts of animal (1)
and vegetal (2) halves of early gastrula stage Terebratulina embryo. The animal half has an apical and a mantle lobe. The vegetal half has all three larval
lobes, but the apical lobe is smaller than normal. (L) Lateral halves (1, 2) from a two-cell Terebratulina embryo. Both halves have formed all three larval
lobes. In each case, the mantle lobe has formed three sets of setae. (A) and (H) are the same magnification; so are (B-G) and (I-L).
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way of establishing when the axis of bilateral symmetry is
set up during embryogenesis is by counting the number of
setal sets in pairs of larvae from lateral halves isolated from
embryos at different developmental stages. If the total num-
ber of setae formed by the isolated halves of a single
embryo is more than four, this is an indication that one or
both halves have formed structures not predicted by the fate
map. In contrast, finding that the total number of setae
formed by the isolated halves is four or less (and that neither
half has formed three or more setae) is consistent with a lack
of regulation. Since setae form from the mantle lobe, only
lateral halves with a normal mantle lobe could be compared;
for this reason, only larval halves that had formed all three
larval lobes were used for the tally. When one examines the
number of sets of setae in lateral halves as a function of
developmental stage (Fig. 9A), the majority of pairs at the
two-cell and blastula stages have over four sets of setae. The
early gastrula stage appears to be a transition point; ten pairs
have over four sets of setae, while eight pairs have four or
fewer sets of setae. By the late gastrula stage, most pairs
have four or fewer set of setae (Fig. 8F). These results
suggest that the axis of bilateral symmetry is in the process
of being set up by the early gastrula stage.
Terebratulina
The same set of experiments that were done on Hemith-
iris were also done on Terebratulina at comparable devel-
opmental stages (see Table 3 and Fig. 10). The only exper-
iment unique to Terebratulina, involved isolating animal
halves of oocytes, maturing these halves, and fertilizing
them. A number of oocytes in their follicles were cut into
animal halves with a germinal vesicle and vegetal halves
that lack this structure (Figs. 6A and 8G). The follicle cells
that surround these oocytes are necessary for their matura-
tion (Freeman, 1994; Stricker and Folsom, 1997). A smaller
Fig. 9. The total number of setal sets from lateral halves of the same
embryo bisected at different stages of development. Only those cases
where each half formed a three-lobed larva are tabulated. The dashed line
between 4 and 5 sets of setae indicates that 4 is the maximal number of
setal sets in a normal larva; when the number of setal sets in a pair of larvae
exceeds 4, this is an indication that regulation has occurred.
Table 3
Differentiation of Terebratulina half oocytes, eggs, and embryos
Isolate
type
Developmental
stage
No.
cases
Living larvae Sectioned larvae Alkaline phosphatase
Ves AL
lAT
AL
nAT
AL
sML
AL
ML
AL
ML
PL
sAL
ML
PL
ML
PL
Ves AL AL
ML
AL
ML
PL
Ves AL AL
ML
AL
ML
PL
Animal Oocyte 23 11 12 0/4g 0/3g 0/5
Unfertilized
egg
18 10 6 2 0/2g 0/2g 0/3
8-cell 25 14 9 2 0/3g 0/3g 0/4
Blastula 24 3 2 13 2 3 1 0/2g 0/2g 0/1g 0/3
Early gastrula 18 2 4 11 1 4/4g 1/1g 4/4
Late gastrula 20 3 17 3/3g
Vegetal Unfertilized
egg
16 11 2 3 0/4 3/3
8-cell 27 16 6 5 0/5g 1/1g 2/2 2/2
Blastula 21 4 2 14 1 3/3g 3/3
Early gastrula 15 6 9 4/4
Late gastrula 23 9 14
Lateral Unfertilized
egg
28 17 6 5 0/4g 2/2g 1/1g 2/2
2-cell 32 16 4 12 4/4
Blastula 23 11 2 10 0/3g 1/1g 3/3
Early gastrula 25 3 4 18 1/1 3/3
Bilateral Late gastrula 18 18
Dorsal Late gastrula 8 5 3
Ventral Late gastrula 8 1 7
Note. Ves, vesicle; AL, apical lobe; AT, apical tuft; ML, mantle lobe; PL, pedicle lobe; l, large; n, normal; s, small; g, gut;, muscle not present;, muscle
present.
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proportion of cut oocytes matured (28/116, 24%), in com-
parison to intact oocytes of comparable diameter (67%).
The follicle cell layer may have been damaged in many of
the cases during the operations where maturation did not
occur. Most of the animal halves (23/28) subsequently pro-
duced polar bodies and cleaved after sperm addition. None
of the vegetal halves cleaved, presumably because they
lacked germinal vesicle material. The animal halves formed
either hollow ciliated vesicles (Fig. 8H), these cases were
regarded as undifferentiated or formed a solid apical lobe-
like structure with an enlarged apical tuft (Fig. 8I); there
was no indication of gastrulation or endoderm formation.
Animal halves isolated from unfertilized eggs that were
subsequently fertilized and eight-cell embryos behaved in
the same way as animal halves from oocytes; they either
formed undifferentiated vesicles or an apical lobe with an
enlarged apical tuft. There was no indication of gastrulation
or gut formation. At the blastula stage, there was a marked
decrease in the percentage of animal halves that formed an
enlarged apical tuft. If one compares cases where only an
apical lobe differentiated for animal halves of unfertilized
eggs and eight-cell embryos, 15 of 19 cases (80%) had an
enlarged apical tuft, while only 2 out of 15 cases (13%)
isolated from blastula stage embryos had an enlarged apical
tuft. At the blastula stage, animal halves formed only an
apical lobe (Fig. 8J), both apical and mantle lobes, or in one
case, all three larval lobes, even though they lacked
endoderm and mesoderm. None of these cases had an en-
larged apical tuft.
All of the vegetal halves isolated from unfertilized eggs
through the blastula stage of development formed either a
vesicle that did not differentiate or gastrulated and formed a
larva with an apical and mantle lobe or all three larval lobes.
All of the cases isolated at these developmental stages
formed a normal sized apical tuft except for one case with
a small apical lobe that was isolated from a blastula that
lacked an apical tuft.
When animal halves were isolated at early or late gas-
trula stages, they contained endoderm; all of these cases that
were examined subsequently differentiated gut tissue. Ani-
mal halves isolated at the early gastrula stage differentiated
in most cases to form normally proportioned apical and
mantle lobes (Fig. 8K). These animal halves differed from
the animal halves isolated at the blastula stage because the
majority of the halves isolated at the blastula stage formed
only an apical lobe. The animal halves isolated at the late
gastrula stage also differed in the way that they differenti-
ated from animal halves isolated at the early gastrula stage.
In the majority of these cases, the mantle lobe was much
smaller than the apical lobe. When vegetal halves were
isolated at an early gastrula, there was a marked increase in
the percentage of cases with a small apical lobe. None of
these cases had an apical tuft. Only the two cases from early
gastrulae that had a normal sized apical lobe had an apical
tuft. By the late gastrula stage, most of the vegetal halves
that were isolated formed only a mantle and a pedicle lobe.
Lateral halves isolated from unfertilized eggs through
late gastrula stages either did not differentiate or formed an
apical and a mantle lobe or all three larval lobes (Fig. 8L).
All of the cases that formed larval structures gastrulated. In
most cases that differentiated, a normal sized apical tuft was
present; these included pairs of larvae derived from the
Fig. 10. Matrices showing how halves from the same embryo differentiated
when Terebratulina embryos were bisected at progressively later develop-
mental stages. The left column gives the results for the animal and vegetal
halves. The right column gives the results for the lateral halves. The lateral
halves generated at the late gastrula stage tabulated here were cut along the
plane of bilateral symmetry. Abbreviations: An, animal half; Veg, vegetal
half; VES, vesicle; AL, apical lobe; AL larAT, apical lobe with large apical
tuft; AL norAT, apical lobe with normal apical tuft; smAL, small apical
lobe (lacks apical tuft); ML, mantle lobe; smML, small mantle lobe; PL,
pedicle lobe.
279G. Freeman / Developmental Biology 261 (2003) 268–287
same embryo. The number of setal sets was counted for
each pair of larvae derived from the same embryo after a
lateral cut at the pregastrula or early gastrula stages of
development and compared with the number of setae
present when a cut made to generate either bilateral or
dorsoventral halves in late gastrulae when the plane of
bilateral symmetry is obvious. In these comparisons, only
pairs where both halves formed all three larval lobes were
used. When the number of sets of setae in lateral halves are
examined as a function of developmental stage (Fig. 9B),
the majority of pairs from unfertilized eggs through the
blastula stage have over four sets of setae. The early gastrula
represents a transition point with three cases with over four
sets of setae and three cases with four or fewer sets of setae.
At the late gastrula stage, the majority of the larval pairs
have four or fewer sets of setae regardless of the orientation
of the lateral cut. These results suggest that the plane of
bilateral symmetry begins to be set up between the blastula
and the early gastrula stage of development.
Discussion
Comparison of early development in Hemithiris,
Terebratulina, and Terebratalia
Fate maps
The marking experiments that have been done on Hemi-
thyris and Terebratulina have been done previously on
Terebratalia (Freeman, 1993). This genus has the same kind
of three lobed larva as Hemithiris and Terebratulina. During
the last phase of gastrulation in all three genera, the animal
pole of the embryo is moved relative to the vegetal pole so
that it ends up in an anterior–lateral position about 90° from
the blastopore. In none of these genera is there a relationship
between the plane of the first cleavage and the plane of
bilateral symmetry of the larva. The fate maps of these
embryos are identical.
Regional specification
The experiments that have been done on Hemithiris and
Terebratulina for establishing the timing of when regional
specification takes place were also done on Terebratalia at
comparable developmental stages (Freeman, 1993). In all
three genera, the animal half of the unfertilized egg has the
intrinsic ability to form apical lobe epithelium and an apical
tuft but lacks the ability to form other regions of the larval
body, including the endodermal and mesodermal germ lay-
ers. In Terebratalia, the apical lobe has more differentiated
parts than the apical lobes of the other two genera. In
addition to the apical tuft, two rows of eye spots are present
anterior laterally, and a band of long ciliated cells and
vesicle cells are present in the posterior end of the lobe
where it contacts the mantle lobe. The posterior ciliated
cells have largely taken over the locomotor function of the
long ciliated cells that cover the apical lobe epithelium in
Hemithiris and Terebratulina. In Terebratalia, animal half
isolates from unfertilized eggs form either undifferentiated
vesicles or apical lobes as indicated by the formation of
apical tuft cilia. A proportion of the cases that form an
apical tuft also form eye spots; however, the posterior row
of cilia cells and vesicle cells will not differentiate until
animal halves are isolated at a late blastula stage. Additional
experiments on Terebratulina show that the animal half of
the oocyte has the same kind of developmental potential
prior to germinal vesicle breakdown during oocyte matura-
tion. One aspect of the differentiation of the animal halves
in these three genera that is abnormal involves the enlarge-
ment of the apical tuft that occurs in isolates from oocytes,
unfertilized eggs, and eight-cell embryos. During develop-
ment, inductive influences from the vegetal half of the
embryo inhibit the extent of apical tuft formation. Fig. 11
shows the percentage of animal halves from each of these
genera that have differentiated an apical lobe that has an
enlarged apical tuft as a function of the developmental stage
when they were isolated. In Terebratulina, where it was
possible to isolate animal halves from oocytes and unfertil-
ized eggs, all of the oocytes had an enlarged apical tuft,
while only about 75–80% of the animal halves had an
enlarged apical tuft when they were isolated from unfertil-
ized eggs or eight-cell embryos. This suggests that there
may be a cytoplasmic reorganization event during germinal
vesicle breakdown that affects the ability of animal halves
to form an enlarged apical tuft. There is a parallel drop in
the percentage of animal halves that form an enlarged apical
tuft between the eight-cell or early blastula versus the late
blastula stage in all three genera; however, this effect of the
vegetal region on animal half apical tuft differentiation is
not as strong in Hemithiris. The vegetal half of the embryo
in each of these genera also promotes mantle and pedicle
Fig. 11. The percentage of animal halves with an enlarged apical tuft after
isolation from Hemithiris, Terebratulina, and Terebratalia at different
developmental stages.
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lobe ectodermal differentiation in the animal half of these
embryos. This influence is first manifest between the eight-
cell and the blastula stages and probably persists until some
time between the blastula and early gastrula stage, as indi-
cated by the increase in the percentage of cases that form a
mantle lobe (Fig. 12). Both the inhibitory effect of the
vegetal half of the embryo on apical tuft differentiation and
its role in promoting mantle and pedicle lobe ectodermal
differentiation appear before gastrulation.
Vegetal halves isolated from all three genera at the un-
fertilized egg through the blastula stage of development
gastrulate and form normal larvae or at least a normal apical
and mantle lobe in a substantial number of cases. The fate
maps for these three genera show that the vegetal half of
these embryos would be expected to form part of the ecto-
derm of the mantle and pedicle lobe in addition to the
endodermal and mesodermal germ layers. However, one
would not expect this half to form an apical lobe under
normal circumstances. These cases frequently have a nor-
mal sized apical lobe with a normal sized apical tuft when
they are isolated between the unfertilized egg and blastula
stages of development. This type of regulatory development
suggests that, under normal circumstances, the vegetal half
of the embryo receives a signal from the animal half which
prevents apical lobe formation. After the blastula stage, the
frequency of vegetal isolates with a small apical lobe that
lacks an apical tuft or that lack an apical lobe altogether
rises sharply (Fig. 13). The decline in the ability of animal
and vegetal halves to regulate by forming larval regions that
they would not normally differentiate can also be followed
by examining the behavior of pairs of halves isolated from
the same embryo at different stages of development (Figs. 7
and 10, this paper; and Fig. 9, Freeman 1993).
In both Hemithiris and Terebratulina, it is difficult to
assess when during development the plane of bilateral sym-
metry of the larva is specified, largely because of the lack of
good morphological markers in these operated larvae. How-
ever, if the time when the number of sets of setae that form
in pairs of larvae from the same embryo equals the number
of sets that would normally form, which is four, are used as
a marker of this specification event, in both species, this
process probably begins between the blastula and the early
gastrula stage and is still not completed by the late gastrula
stage. In Terebratalia, it is easier to assess the symmetry
properties of the larvae that develop after an embryo has
been divided into two lateral halves because the apical lobe
has a row of dorsal lateral eye spots on its left and right
sides. When the late gastrula of this genus is cut into a pair
of bilateral halves, the probability is high that the structures
that would have been formed by the missing side will
subsequently form. When the same operation was done at
this stage in Hemithiris and Terebratulina, they were much
less likely to regulate by forming setae. In Terebratalia, the
frequency with which one lateral half formed only an apical
Fig. 13. Histogram giving the proportion of vegetal halves that form either
a normal sized apical lobe, a small apical lobe, or no apical lobe when they
are isolated at the late blastula through the late gastrula stage of develop-
ment. Note the decline in the proportion of cases that form a normal sized
apical lobe when vegetal halves of all three genera are isolated at progres-
sively later developmental stages. nAL, normal sized apical lobe; sAL,
small sized apical lobe; and AL, no apical lobe.
Fig. 12. Histogram giving the proportion of animal halves from Hemithiris,
Terebratulina, and Terebratalia that form an apical lobe, an apical lobe, and a
mantle lobe, or all three larval lobes when they are isolated at the late blastula
through the late gastrula stage of development. Note the decline in the pro-
portion of cases that form only an apical lobe and the increase in the proportion
of cases that form both an apical and a mantle lobe when these halves are
isolated at progressively later developmental stages. At the late blastula stage,
both Terebratulina and Terebratalia form the ectodermal covering of all three
lobes in a small percentage of cases in the absence of endoderm and meso-
derm. AL, apical lobe; ML, mantle lobe; PL, pedicle lobe.
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and mantle lobe and the other member of the pair formed all
three larval lobes was used to measure the establishment of
the plane of bilateral symmetry during embryogenesis (Ta-
ble 4; Freeman, 1993). Using this criterion, the axis began
to form between the late blastula and the early gastrula stage
and it was not complete at the early gastrula stage. This is
the same time period during which the plane of bilateral
symmetry is laid down in Hemithiris and Terebratulina as
measured using a different set of criteria.
While the experiments reported here on the mode of
regional specification can make a statement about the role of
signaling between different regions of the embryo in medi-
ating this process and define when the signaling events are
occurring, or establish the ability of a given region to au-
tonomously differentiate, they do not define the nature of
the signaling systems that are operating. When one consid-
ers the fact that Terebratulina and Terebratalia are repre-
sentatives of the order Terebratulida that is thought to have
evolved via a series of intermediate forms from an ancestor
of Hemithiris (order Rhynchonellida) in the mid-Ordovician
(Fig. 1A), it is noteworthy that there appears to have been
no change in the timing of regional specification during
early embryogenesis. Given the morphological changes in-
volved in the emergence of the order Terebratulida and the
number of generations that have elapsed since the lower
Paleozoic, one might expect some changes in the process of
regional specification. This data set suggests that there is
stabilizing selection operating on early development in ex-
tant members of the Rhynchonellida and Terebratulida.
In spite of the fact that the processes of regional specifica-
tion during early development appears to be uniform, there are
a number of morphological differences among postmetamor-
phic Hemithiris and Terebratulina and Terebratalia. These
differences involve the presence or absence of punctae in the
shells, the nature of the opening for the pedicle, the structure of
the lophophore, and the type of support for the lophophore
(Carlson and Leighton, 2001). This kind of disparity in mor-
phology indicates that later aspects of the developmental pro-
grams of these animals can change.
The different modes of early embryogenesis in the
Linguliformea, Craniiformea, Phoroniformea, and
Rhynchonelliformea
Molecular phylogenetic studies on living representatives
of the brachiopod subphyla Linguliformea, Phoroniformea,
and Craniiformea indicate that these groups are more
closely related to each other than they are to the Rhyn-
chonelliformea and that they are basal to the Rhynchonel-
liformea (Fig. 1B) (Cohen and Gawthrop, 1997). Unfortu-
nately, this molecular data set is not good enough to say
which of these subphyla is more closely related to the
Rhynchonelliformea. The paleontological record indicates
that all three subphyla first appeared in the fossil record
Table 4
Comparison of early development in different Brachiopod subphyla
Linguliformea Craniiformea Phoroniformea Rhynchonelliformea
Discinisca Glottidia Crania Phoronis Hemithiris Terebratulina Terebratalia
Early cleavage patterns bilateral bilateral radial radial radial radial radial
First cleavage  plane of
bilateral symmetry
yes yes no no no no no
Fate map: apical lobe lateral lateral animal pole animal pole animal pole animal pole animal pole
Fate map: blastopore mouth mouth anus mouth mouth mouth mouth
Movement of animal pole
relative to blastopore
during gastrulation
0 0 0 90° 90° 90° 90°
Time of specification:
animal half
blast. (AL)
early gast.
(ML)
blast. (AL)
early gast.
(ML)
unfert. egg late gast. blast.-early gast. blast.-early gast. blast.-late gast.
Mode of specification:
animal half
vegetal signal vegetal signal autonomous vegetal cells
must be present
vegetal signal vegetal signal vegetal signal
Time of specification:
vegetal half
8-cella blastula-early
gast.
8-cell early gast. early-late gast. early-late gast. early-late gast.
Mode of specification:
vegetal half
animal signal animal signal animal signal animal cells must
be present
animal signal animal signal animal signal
Time of specification:
anterior-posterior axis
16-cell before cleavage before cleavage early-late gast. early late gast. early-late gast. early late gast.
Mode of specification:
anterior-posterior axis
inductive
interaction
autonomous autonomous inductive
interaction
inductive
interaction
inductive
interaction
inductive
interaction
Bilateral symmetry:
established with ant-
post axis
yes yes no yes yes yes yes
Note. AL, apical lobe; AT, apical tuft; ML, mantle lobe.
a No animal  vegetal isolates were made prior to the eight-cell stage in Discinisca.
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during the Lower Cambrian (Linguliformea and Crani-
iformea, Williams et al., 1996); Phoroniformea (Chen and
Zhou, 1997). A set of fate maps and measurements of the
process of regional specification during early embryogene-
sis that are comparable to the experiments reported here for
the Rhynchonelliformea have also been done on genera in
the Linguliformea, Phoroniformea, and Craniiformea (Free-
man, 1991, 1995, 1999, 2000).
In order to meaningfully compare the development of the
larvae from these subphyla, the different larval regions must
be homologous. The larvae of the linguloids Discinisca and
Glottidia, the craniiform, Crania, and the rhynchonellids
are essentially direct developers. Each region of the larva
continues its developmental trajectory in different regions
of the postmetamorphic juvenile. Phoronis develops indi-
rectly. During metamorphosis, many regions of the larvae
cytolyze, new regions that began to grow during the larval
stage, assume adult functions and there is a change in the
axial organization of the adult with reference to the larva
(Zimmer, 1997).
In most cases, these animals have a tripartite anatomical
organization; in lingulids and rhynchonellids, this is re-
flected in the organization of the larva. The linguloids Dis-
cinisca and Glottidia both have planktotrophic larvae. At
the end of embryogenesis each larva is composed of an
apical and a mantle lobe. In Glottidia, the mantle lobe partly
covers the apical lobe and forms a mantle epithelium that
secretes a periostracum. In Discinisca, the mantle lobe only
forms a periostracum part way through the larval period.
Initially, neither of these species has a pedicle lobe; this lobe
develops during the larval period. Craniiform brachiopods
are cemented directly to the substrate and lack a pedicle; the
lecithotrophic larva of Crania has only an apical and a
mantle lobe and the mantle lobe forms a specialized mantle
epithelium (Nielsen, 1991). All rhynchonellid larvae have
apical, mantle, and pedicle lobes at the end of embryogen-
esis. The mantle epithelium begins to secrete a periostracum
just prior to the initiation of metamorphosis in at least some
of these species (Franzen, 1969; Stricker and Reed, 1985).
Because the organization of the phoronid actinotroch larva
and adult are so different from the other three subphyla of
brachiopods, it is difficult to homologize larval structures.
The anterior end of the larva consists of a pre-oral hood with
an apical tuft that covers the mouth. This structure largely
disappears during metamorphosis. The anterior region of
the larval trunk consists of a set of tentacles that functions
in food gathering and locomotion; this region transforms
into part of the lophophore during metamorphosis. It is
plausible that the pre-oral hood and the anterior part of the
trunk are homologous to the apical lobes of linguliform,
craniiform, and rhynchonelliform brachiopods. The poste-
rior part of the phoronid trunk contains the posterior region
of the digestive track and anus, structures that form from the
mantle lobe of larval linguliform brachiopods. Just prior to
metamorphosis of the actinotroch larva, a metasomal sac
forms from the ventral side of the trunk. This is the site
where the metamorphosing larva makes contact with the
substrate. This sac goes on to form the posterior end, or
ampullar region of the adult. It may be homologous to the
pedicle lobe of linguliform and rhynchonelliform brachio-
pods.
The descriptive embryologies, fate maps, and informa-
tion on the timing and mode of regional specification are
compared for the Linguliformea, Craniiformea, Phoroni-
formea, and Rhynchonelliformea in Fig. 14 and Table 4.
The animal–vegetal axes of all these eggs are organized so
that ectoderm forms from the animal half in addition to the
upper part of the vegetal region of the embryo. The vegetal
pole of the egg is the site of gastrulation, the region where
endoderm and mesoderm are generated. In all of these
embryos, the first two cleavages go through the animal–
vegetal axis of the egg. Early embryos of the linguloids
Discinisca and Glottidia have a bilateral cleavage pattern,
while embryos of craniiforms, phoroniforms, and rhyn-
chonelliforms have a radial cleavage pattern. In forms with
a bilateral cleavage pattern, the plane of the first cleavage
corresponds to the plane of bilateral symmetry of the larva,
while in forms with radial cleavage, there is no relationship
between the plane of the first cleavage and the plane of
bilateral symmetry. The fate maps of these early embryos
can be quite different. In the linguloids Discinisca and
Glottidia, the region that will form the ectoderm of the
apical lobe has a lateral position between the animal and
vegetal poles, while in all of the other groups, it forms from
the animal pole of the embryo. In the linguliforms, phoroni-
forms, and rhychonelliforms, the blastopore becomes the
mouth of the larva and/or adult, while in Crania, the blas-
topore becomes the anus. In Phoronis, recent work has
shown that the bulk of the mesoderm in the larva is derived
from ectoderm near the sites where it is in contact with
endoderm (Freeman and Martindale, 2002); it was previ-
ously thought that the mesoderm originated from the
endoderm in these animals. Many aspects of the pattern of
morphogenetic movements during gastrulation are linked to
the different fate maps of these embryos. In the linguli-
forms, where the region that will form the ectoderm of the
apical lobe has a lateral position, gastrulation takes place by
invagination and there is very little involution of cells from
the presumptive anterior region of the embryo through the
blastopore. This same morphogenetic pattern is seen for a
different reason in Crania where the ectoderm of the apical
lobe forms from the animal half of the embryo and the anus
which forms from the blastopore is at the posterior end of
the embryo. In Phoronis and the rhynchonelliforms, the
animal region where the apical lobe ectoderm forms and the
vegetal pole where the mouth forms are at opposite poles of
the embryo, gastrulation begins as vegetal cells invaginate
into the embryo. However, there is then an involution of
anterior lateral cells through the blastopore so that the apical
lobe ectoderm ends up 90° from the region that will form
that mouth following metamorphosis. This comparison
shows that there are three distinct fate maps distributed
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among the four subphyla. Both Glottidia and Discinisca in
the Linguliformea have identical fate maps; these fate maps
are distinct from the fate maps in the other three subphyla.
The Phoroniformea and the Rhychonelliformea share an
identical fate map; interestingly, these fate maps become
topologically equivalent to the linguliform fate maps as a
consequence of the morphogenetic movements of late gas-
trulation. The Craniiformea have a third distinct fate whose
animal region is equivalent to the fate map for the Phoroni-
formea and Rhynchonelliformea but whose vegetal region
differs from the other two fate maps. These fate maps reflect
major heterotopies.
The measurement of the timing of regional specification
during embryogenesis defines when each major region of
the embryo acquires the ability to differentiate according to
its fate map. The animal half forms different regions in the
larvae that make up these subphyla. In the linguliforms, this
region forms the dorsal portion of the apical and mantle
lobes; in craniiforms, it forms the apical lobe, and in rhyn-
chonelliforms, it forms the apical and part of the mantle
lobe, while in phoronids it forms the pre-oral hood. In the
linguliforms, the dorsal region of the apical lobe is specified
by the blastula stage and the dorsal mantle region is spec-
ified by the early to mid-gastrula stage, even though the
process of specification has already begun by the blastula
stage. In Crania, the apical lobe is specified after germinal
vesicle breakdown but before fertilization. When the animal
region of the oocyte is isolated, matured, and fertilized, it
forms a normal larva in many cases; when this region is
isolated after germinal vesicle breakdown and then fertil-
ized, it forms only an apical lobe. When the same kind of
experiment was done on Terebratulina, animal regions iso-
Fig. 14. Comparison of the fate maps and selected developmental stages of the four brachiopod subphyla. (A) The fate maps of the embryos are projected
on uncleaved eggs. In each case, the animal pole marked by the polar bodies is up, the vegetal pole is down, anterior is to the left, and posterior is to the
right. (B) Sixteen-cell embryos. The anterior–posterior axis is along the plane of the first cleavage in the Linguliformea (one end of the plane faces the reader
in the middle of the cleavage stage embryo). In the other subphyla, there is no relationship between the plane of the first cleavage and the plane of bilateral
symmetry. (C) Late gastrula. In each case, the embryos are oriented with the blastopore (vegetal pole) down. In the Linguliformea, because of the lateral
placement of the anterior ectoderm in the fate map, the future apical lobe will be on the left. In the Phoroniformea and Rhynchonelliformea, morphogenetic
movements during gastrulation translocate the anterior ectoderm (animal pole region to the left). While the anterior ectoderm has the same initial placement
in the Craniiformea, a comparable set of morphogenetic movements does not occur. (D) Lateral views of the early larva. In the Linguliformea, Phoroniformea,
and Rhynchonelliformea the apical lobe or pre-oral hood is to the left, while in the Craniiformea it is up.
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lated from oocytes only formed an apical lobe with an
enlarged apical tuft. In Phoronis, specification of the pre-
oral hood does not take place until early gastrulation. In the
rhynchonelliforms, this process can be measured as a de-
cline in the size of the apical tuft and the acquisition of the
ability to form part of the mantle lobe. This takes place
between the blastula and the early gastrula stage in Ter-
ebratulina and Terebratalia, and between the blastula and
late gastrula stage in Hemithiris. In each case, regional
specification depends on signals from the vegetal region of
the embryo, except in the case of Crania where specification
of the apical lobe presumably occurs autonomously as a
consequence of a cytoplasmic reorganization during oocyte
maturation. One of the distinctive features of the Linguli-
formea, Craniiformea, and Rhynchonelliformea is the abil-
ity of the animal ectoderm to form the epithelium charac-
teristic of the different larval lobes in the absence of
endoderm and mesoderm. However, in Phoronis, the pres-
ence of endoderm is essential in order for appropriate ecto-
dermal differentiation to take place.
The vegetal halves of these embryos also form different
regions of the larvae that make up these subphyla. In lin-
guliforms, this half forms the ventral regions of the apical
and mantle lobes. In Crania, it forms the mantle lobe, in
Phoronis, the trunk, and in the rhynchonelliforms, it forms
most of the mantle lobe and the entire pedicle lobe. In all of
these subphyla, only the vegetal half has the ability to
gastrulate and form endoderm and mesoderm (the only
exception is the ability of animal halves from oocytes of
Crania that have been matured and fertilized to gastrulate).
In each of these subphyla, if the vegetal half is isolated early
enough, it will regulate to form a normal larva. Subse-
quently, interactions of the vegetal half with the animal half
of the embryo are necessary to limit its ability to form the
part specified by its fate map.
The time when the specification of the plane of bilateral
symmetry takes place during embryogenesis in these sub-
phyla reflects the layout of their fate maps. In the Linguli-
formea, where there is a lateral placement of the ectoderm
that will form the apical lobe, the plane of bilateral sym-
metry appears to be established in Glottidia prior to the
beginning of cleavage and may play a role in orienting the
plane of the first cleavage, while in Discinisca, the estab-
lishment of the specification of the apical lobe-forming
region appears to depend on interactions between blas-
tomeres at the 16-cell stage. This is the only significant
difference in the pattern of regional specification in these 2
genera. In the Phoroniformea and Rhynchonelliformea, the
plane of bilateral symmetry is not established until some
time between early and late gastrulation; it is probably
related to the morphogenetic movements that bring the
apical lobe or pre-oral-hood-forming region close to the
blastopore. In Crania, one of the lateral regions of the early
embryo will become the dorsal side. This lateral region is
specified by the late blastula stage and depends on interac-
tions with other regions of the embryo. The comparison of
the timing and mode of regional specification during early
development shows that these processes occur in very dif-
ferent ways in the different subphyla that make up the
Brachiopoda.
The significance of different patterns of regional
specification in the Brachiopoda
Paleontological evidence indicates that a number of bi-
lateral animal phyla originated just prior to or during the
Cambrian period (Erwin, 1999). These origin events are
also reflected in the large number of class and order origins
in those phyla with a good fossil record during the Cam-
brian. The Brachiopoda provide a clear example of this
phenomenon (Williams et al., 1996; Cohen, 2000); the phy-
lum consists of 4 subphyla, 9 classes, and 26 orders, all of
the subphyla and classes in addition to 13 of the orders
originated during the Cambrian. There are 2 views that have
tried to account for why there was so much cladogenesis
during the Cambrian. One view argues that environmental
constraints were removed allowing the colonization of new
ecological niches that had not been previously occupied
(Erwin, 1999); this opportunity resulted in the evolution of
new body plans. The other view argues that developmental
systems were not as tightly organized during the Cambrian,
possibly because the transition had only recently been made
to the Bilateria; as a consequence, it was easier to generate the
morphological disparity, which we recognize as phyla, classes,
and orders (Erwin, 1999; Davidson and Erwin, 2002).
The other issue that has to be addressed is the paleonto-
logical evidence for a marked decline in the rate of clado-
genesis at higher taxonomic levels by roughly the end of the
Ordovician period (Gould, 1991). One environmental ex-
planation for this trend argues that the various marine eco-
logical niches were filled by this period, and competition
with species that are already tested in a given environment
would have put new body plans at a disadvantage. This
interpretation is supported by the increase in the rate of
cladogenesis at the order and class level associated with the
colonization of terrestrial ecosystems which began during
the Silurian period (Schear, 1991). In those phyla where the
colonization of terrestrial ecosystems has taken place not
only were new morphologies generated, there was also a
major change in the life histories, frequently involving di-
rect development in the clades undergoing colonization. In
those cases where it is possible to compare the process of
regional specification during early embryogenesis for phyla
with both marine and terrestrial clades, there has been es-
sentially no change (Gilbert and Raunio, 1997). These find-
ings suggest that, following the establishment of the pre-
cursor stocks that would evolve into the bilaterian phyla,
subsequent elaboration of these different body plans gener-
ated a network of linked causal connections between the
initial developmental stages responsible for laying down the
scaffold for the body plan that limited the ability of these
mechanisms from changing because subsequent develop-
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mental stages depend on them (Arthur, 1988; Davidson,
2001; Wimsatt and Schank, 2003).
While this scenario cannot be tested directly, one can ex-
amine the comparative embryology of regional specification in
related extant animals that belong to higher clades that origi-
nated at different times. The capital fact that emerges from
these comparative experimental studies of early embryogene-
sis in the four subphyla that make up the Brachiopoda is that,
in each subphylum, the fate maps and the timing and mode of
regional specification are different. One possible explanation
for the disparate nature of these early embryologies is that
initially they were similar during the Cambrian and have been
modified in different ways leading to the disparity seen today
during the evolutionary history of the four subclades. The other
possibility is that the fate maps and the events that lead to
regional specification during early development that we see
today in a given subphylum are the same as those occurring in
the ancestors of these animals during the Cambrian. The facts
that different genera belonging to the same subphylum can be
linked by a common ancestor two to five hundred million years
in the past and still have similar fate maps and systems of
regional specification indicate how stable early development
can be (Glottidia and Discinisca in the Linguliformea and
Hemithiris, Terebratulina, and Terebratalia in the Rhyn-
chonelliformea). The diversity of fate maps and regional spec-
ification mechanisms in these four subphyla document the
developmental flexibility of brachiopods during the Cambrian.
This developmental flexibility may have played a role in the
cladogenic events that took place during the Cambrian. This
work also supports the notion that, following the Cambrian
period, the linkages between components of bifurcating devel-
opmental programs that are generated following regional spec-
ification became more integrated with and dependent on these
initial events, leading to the stabilization of early developmen-
tal pathways. The work described here is a case study involv-
ing one phylum. It will be important to find out if the conclu-
sions drawn here can be generalized to other phyla.
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